A double-antibody radioimmunoassay for the insulin-degrading enzyme, glutathione-insulin transhydrogenase (GIT), has been developed with the use of rabbit antiserum against human liver GIT and [~2sI]-GIT. The method can determine as little as 32 fmol of GIT, thus allowing measurements in needle tissue biopsy samples and in plasma, which have not been possible with previous enzymatic procedures. Relative competition in the radioimmunossay by unlabelled GITs purified from other sources are in agreement with homologies in GITs previously found using the enzymatic assay. No competition was observed with pork insulin, bovine ribonuclease, human albumin or human ?'-globulin, indicating that the radioimmunoassay is highly specific for GIT. Similar competition curves were observed for native GIT; active, reduced GIT; or for the inactive, S-(ethylsuccinimido) derivative of GIT. The radioimmunoassay thus measures total (active + inactive) GIT and permits determinations in the presence of materials which react with the active site and render the enzymatic methods unusable. Radioimmunoassay of plasma and extracts of liver, muscle and adipose tissues from diabetic and non-diabetic subjects showed parallel competition curves with standard purified human GIT indicating that GITs of non-diabetic and diabetic persons are immunologically very similar or identical. Concentrations of GIT in plasma determined by radioimmunoassay were significantly higher in diabetic than those in non-diabetic subjects (1620 + 80 versus 1070 + 30 fmol/1, p < 0.001). Tissue GIT levels found by the radioimmunoassay as well as by the enzyme assay, both in non-diabetic and diabetic subjects, were highest in the liver, intermediate in the adipose tissue und lowest in the muscle.
The processes of insulin inactivation and degradation are of extreme interest because excessive rates of inactivation and degradation of insulin could conceivably cause diabetes and/or could alter the hormone action in target tissues. However, the exact role of these processes, particularly in human diabetes, remains elusive.
Previous work from this and other laboratories has reported on the sequential pathway of insulin degradation [1] [2] [3] [4] [5] [6] . According to this pathway, insulin is first split at the disulphide bonds by glutathione-insulin transhydrogenase (GIT) into A and B chains which are then hydrolyzed by two peptidases, neutral thiol peptidase and neutral metallo-peptidase, into low-molecular-weight fragments. Since separated A and B chains are devoid of hormonal activity, the action of GIT upon insulin results in the complete inactivation of hormonal activity. Several lines of evidence indicate that GIT, the first enzyme in the pathway, may be physiologically important [7] . Studies with animals have shown that the enzyme is ubiquitous [8] . Hepatic GIT is inducible by insulin [9] [10] [11] and its activity is regulated by several factors including other hormones [12] and certain phospholipids [13] . In the liver, the enzyme primarily occurs in the microsomes in latent (depot) and non-latent (active) forms [14] ; the two forms occur in different proportions under different physiological and pathophysiological conditions [10, [15] [16] [17] . Studies with human subjects have shown that, while acute changes in plasma insulin levels provoked by glucose tolerance tests have no effect [18] , diabetes and/or chronic insulin therapy result in increased GIT activity in circulating leucocytes [19] . Finally, chronic (studied in animal liver GIT [7, [9] [10] [11] or acute (studied in human leucocyte GIT [18] hyperglycaemia has been found to have no effect on GIT activity.
To permit studies in human diabetes, we report here on the development of a radioimmunoassay (RIA) for human GIT. Human tissues (liver, muscle and adipose) from non-diabetic and diabetic subjects obtained at autopsy by the National Diabetes Research Interchange were utilized for the identification of GIT by immunodiffusion tests and for comparison of the RIA with the enzyme assay procedure. This study illustrates the use of the RIA procedure for measuring plasma GIT levels of non-diabetic and diabetic subjects. Portions of these studies have been published previously [20, 21] .
Materials and methods

Materials
Goat anti-rabbit IgG, human albumin and human y-globulin were purchased from Miles, Elkhart, Indiana, normal rabbit serum from Grand Island Biological Company, Grand Island, New York, ribonuclease from Worthington, Freehold, New Jersey; bovine serum albumin (BSA), reduced glutathione (GSH) and N-ethylrnaleimide from Sigma, St. Louis, Missouri. Carrier-free 125I-iodine was purchased from New England Nuclear Corporation, Boston, Massachusetts. Amorphous pork insulin was a gift of Dr. R. Chance, Eli Lilly, Indianapolis, Indiana. Purified preparations of GIT from human liver, rat liver, beef liver, beef heart and beef pancreas were obtained as described previously [22, 23] . The purified human liver GIT used in standardizing the assay was prepared from a fresh liver obtained from a non-diabetic subject following accidental death [22] . The purified human enzyme was a homogeneous material by starch block electrophoresis and by Sephadex G-100 chromatography [22, 23] and had a sp. act. of 530 U/nmol. Antiserum to human liver GIT was prepared in rabbits as previously described [23] .
Different forms of purified human liver GIT were prepared as described previously [24] . The active, reduced form (530 units/nmol) was prepared by treatment of the enzyme with 1 mmol/1 GSH. The inactive, S-(ethylsuccinimido) derivative (with no enzymatic activity) was prepared by treatment of the enzyme, first with i mmol/1 GSH, followed by treatment with N-ethylmaleimide (10 retool/l). As a reagent control, another sample of the enzyme was treated with Nethylmaleimide (10 rnmol/l without a prior reaction with GSH; in this case, the enzyme is unaffected and remains enzymatically active after activation with GSH [24] .
Human tissues
All tissues (liver, muscle, adipose) from non-diabetic and diabetic subjects were obtained at autopsy by National Diabetes Research Interchange personnel, quick frozen at -80 ~ and sent to our laboratory on dry ice. Non-diabetic subjects were aged 49-81 years, and diabetic subjects 33-86 years. The interval between death and autopsy varied from 8 to 15 h.
Preparation of tissue extracts
Each tissue (2 g) was homogenized in 8 rnl of 0.25 mol/1 sucrose/ 50 mrnol/1 K-phosphate (pH 7.5) with a homogenizer (Polytron PT-10, Brinkmann Instruments, Westbury, New York) at 80% of maximum speed for 60 s. The homogenates were centrifuged at 5000 g for 10min and the resulting supematants were then centrifuged at 10000 g for 20min. The final supernatants were assayed for protein and GIT content, both by RIA and the enzymatic assay.
Immunodiffusion
Double-immunodiffusion plates were composed of a solution containing 1% agar in NaC1 (0.154 mol/l), K-phosphate (0.02 tool/l), glycine (0.5 mol/1), pH 7.5 [23] . Tissue extracts were prepared as described above, and also with the homogenizing buffer supplemented P. T. Varandani and M.A. Nafz: Human glutathione-insulin transhydrogenase with 0.5% (final concentration) Triton X-100. The tissue extracts were concentrated by lyophilization and reconstituted in the above immunodiffusion buffer for the immunodiffusion tests.
G IT radioimmunoassay
Purified human liver GIT was radioiodinated with the use of Iodobeads (Pierce Chemicals, Rockford, Illinois) [25] . 125I-GIT was purified by gel filtration on a Sephadex G-100 column at a 2-3 week interval. The separation of antibody-bound 125I-GIT from free a25I-GIT was achieved by using a double antibody procedure [26] . All solutions and dilutions were made with RIA buffer (K-phosphate (0.1 tool/l), EDTA (5 retool/l), NaC1 (0.154 mol/1), pH 7.5, containing 0.3% bovine serum albumin). The procedure was as follows: standard human liver GIT (32-320 fmol), or an appropriately diluted tissue extract or plasma sample (25-100 btl), was mixed with 125I-GIT (-16 fmol) and 25 ~1 of 1 : 5000 diluted GIT antiserum (i. e., 1 : 50000 final dilution) in a total volume of 0.25 ml. Typical dilutions of tissue extracts were 1 : -1000 for liver, and 1:25 for muscle and adipose tissues. The samples were incubated for 5 min at 37 ~ 60rain at 25 ~ and 20-24 h at 4~ The next day, 0.1 ml of EDTA (pH 7.5, yielding a final concentration of 15 mmol/1), 0.1 ml of 1 : 100 diluted normal rabbit serum and 0.1 ml of goat anti-rabbit IgG were added. After an additional incubation at 4 ~ for 20-24 h, 1.0 ml of RIA buffer was added to each tube and the tubes were centrifuged at 2200 g at 4 ~ for 15 min. The supernatants were aspirated and the pellets were counted in an auto-gamma counter (Packard, Downers Grove, Illinois). The 025I-GIT bound by the antibody was calculated as the percentage of the radioactivity added. In the presence of tracer alone, 35% of the 125I-GIT was bound by the antibody. Control tubes to determine non-specific binding were run with normal rabbit serum substituted for the antibody. All values have been corrected for non-specific binding, which was usually 2-4% of the total radioactivity.
GIT enzymatic assay
This method will hereafter be referred to as the enzyme assay. Enzymatic activity of GIT in tissue extracts was assayed by measuring the conversion of l~sI-insulin to a form soluble in a 5% trichloroacetic acid (TCA) solution, utilizing assay conditions that have been found to limit the degradation of insulin by liver homogenates to only that effected by GIT [10] . Briefly, each tissue extract (3-4 levels in duplicate) was incubated at 37 ~ in 0.9 ml of K-phosphate buffer (0.1 tool/l) (pH 7.5) containing EDTA (5 mmol/1) and i ~tmol reduced GSH. After 5 min, the reaction was started by adding 0.1 rnl of a solution containing 1 nmol of insulin, a tracer amount of 12sI-insulin and 3 mg of BSA. After an additional 5 min incubation the reaction was terminated by the addition of 10% TCA (1.0 ml). The precipitates were collected and washed by centrifugation as described previous [10] . One unit of GIT activity is defined as the net degradation of 1% (i. e., 10 pmol) of the insulin (total radioactivity) present in the assay tube. All activities were corrected for non-enzymatic degradation which was determined from matched control tubes containing no tissue protein.
Blood plasma samples
All of the 15 non-diabetic subjects were healthy staff members of the University (aged 22-54years, within 10% of ideal body mass). They had no known history of metabolic abnormalities. All of the 31 diabetic subjects were outpatients (aged 19-69 years). Ten had Type I (insulin-dependent) diabetes, between 90 and 130% of ideal body mass, and the remaining 21 had Type 2 (non-insulin-dependent) diabetes weight ranging from 105 to 190% of ideal body mass. The duration of diabetes ranged from 1 to 35 years for Type 1 and from 1 to 34years for Type 2 patients. All the Type 1 group were on insulin therapy. Of the 21 Type 2 subjects, nine were on insulin therapy, two were on chlorpropamide (Pfizer, New York, NY) and the remaining 10 were on diet alone. Informed, written consent was obtained from all subjects. 
--
Laboratory methods
Blood samples were collected in heparinized tubes and centrifuged at 1000 g for 10 rain at 5 ~ The plasma was removed and stored frozen. Before assay, plasma samples were centrifuged to remove fibrous material which had formed during freezing. Assay of fresh or frozen and centrifuged plasma from the same subject gave the same values within the error of the assay. All samples were assayed at four dilutions in duplicate. Since preliminary assays showed no effect of overnight fasting on plasma GIT concentrations, blood samples were withdrawn in the post-prandial state.
Protein concentrations were determined by the method of Lowry et al. [27] , using BSA as standard.
Statistical analysis
All results are presented as mean_+ SEM. The significance of differences between means was determined by the Student's t-test.
Results
Immunodiffusion
The presence of GIT-like immunoreactive material was demonstrated by the immunodiffusion technique in all the extracts of three tissues (liver, muscle, and adipose) from two non-diabetic and three diabetic subjects (Fig. 1) . Each extract showed a single precipitin band which was continuous with the precipitin line of purified GIT and also with those of the other tissue extracts from diabetic and non-diabetic subjects. The buffer used for the preparation of muscle and adipose tissue extracts contained 0.5% Triton X-100. When the extracting buffer did not contain Triton, a precipitin band was found with each tissue, although the intensity of these precipitin bands appeared weaker than those with extracts obtained with buffer containing Triton. The qualitative increase in the intensity of the precipitin band with Triton was greater with muscle than with the other tissues. Since addition of Triton to Polytroned tissue extracts had no significant effect on the level of GIT measured by the RIA (data not shown), it is possible that the Triton addition facilitates the diffusion of the enzyme resulting in the increaseed intensity of the precipitin bands. A single precipitin band with each extract of these tissues clearly indicates that the antibody to GIT is specific for GIT.
Radioimmunoassay
A typical standard curve of the RIA, which used a 1 : 50000 dilution of antiserum, is shown in Figure 2 . This standard curve has a range of 32-320 fmol. The most routinely used enzyme assay, which utilizes 125I-insulin Results are expressed as mean_+ SEM; values in parentheses are relative to liver; a fmol X 103/ml for plasma; b p < 0.001 for non-diabetic versus diabetic subjects as the substrate and TCA precipitation, requires pmol quantities of the purified enzyme [28] . Thus, the RIA has 1000 times greater sensitivity than the enzyme assay. The intra-and interassay coefficients of variation for the RIA, as determined by repetitive, replicate assay of a human plasma pool, were 5.5% and 5.8%, respectively. The RIA also appeared to be highly specific, since none of the other proteins tested (pork insulin, bovine ribonuclease, human albumin and human gamma globulin), even at concentrations 10000-fold more than human GIT, competed for the binding of [t25I]-human GIT to the antibody (data not shown). It is of interest, however, that unlabelled purified GIT isolated from other sources competed much less than unlabelled human liver GIT for binding of [125I]-human GIT to the antibody (Fig. 3) . Relative competitions at 640 fmol of unlabelled GIT were: human liver GIT (100), beef liver GIT (38), rat liver GIT (31), beef pancreas GIT (16) and beef heart GIT (0). The order of competition in the RIA was the same as the order of cross-reactivity observed previously in the antigen-antibody titrations using an enzymatic assay procedure [23, 29] . The RIA did not discriminate between active and inactive forms of human GIT (Fig. 4) , since similar competition curves were observed for native GIT; active, reduced GIT; or for an inactive, S-(ethylsuccinimido) derivative of GIT. Thus, the RIA measured total (active + inactive) GIT. Figure 2 are the dilution curves from extracts of autopsy tissues and plasma from non-diabetic and diabetic subjects. Each curve is parallel to that for standard purified human GIT, indicating that the GIT present in both non-diabetic and diabetic subjects is immunologically indistinguishable. GIT added in vitro to plasma was quantitatively recovered using the radioimmunoassay procedure (data not shown).
Also shown in
Quantitation of tissue and plasma GIT
GIT levels in tissues from non-diabetic and diabetic subjects were quantitated by RIA and by the enzyme assay (Table I ). Both assays showed that the GIT level was highest in liver, intermediate in adipose tissue and lowest in muscle, both in non-diabetic and diabetic subjects. The plasma GIT level by the RIA was markedly higher in diabetic than in non-diabetic subjects (p < 0.001). There was no difference in the GIT concentration in the plasma of either Type 1 or Type 2 diabetic subjects; values therefore are presented together. Although the differences between non-diabetic and diabetic subjects were statistically significant for plasma (p < 0.001), there were no significant difference, in GIT levels of non-diabetic or diabetic subjects for any of the tissues studied either by enzyme assay or by RIA. This lack of statistical significance may be due to the large scatter in values, reasons for which are not clear. It may be related to the use of autopsy tissues, variable intervals between death and the removal of tissues at autopsy, and the uncontrollable variables in the tissue donors (age, duration of diabetes, dose of insulin, etc.).
Discussion
We have developed a radioimmunoassay for the measurement of human GIT which has sensitivity, specificity and precision. The assay is specific for human GIT since it cross-reacts only slightly with the GIT from beef and rat and since other commonly occurring plasma proteins, such as albumin or ~/-globulin, had no effect. The assay measured as little as 32 fmol of GIT which is three orders of magnitude more sensitive (i. e., 1000-fold) than previously available enzymatic assays.
Human tissue extracts and blood plasma samples, both from diabetic and non-diabetic subjects, upon dilution showed curves parallel to standard purified human liver GIT, indicating that a protein immunologically indistinguishable from GIT occurs in the various human tissues and in plasma. Previous studies have shown the presence of GIT in human kidney [30] , liver [22] and circulating leucocytes [18, 19] , and erythrocytes [31] . Demonstration of GIT both by immunological and enzymological methods in three tissues (liver, muscle and adipose) in the current studies clearly indicates that, as in other animals [8] , GIT is widely distributed in human tissues.
Previous enzymatic assay procedures have failed to detect an insulin-degrading enzyme in plasma, apparently because the concentration of the enzyme in plasma (average of 1070 fmol/1) is far below the detection capability of the enzyme assays. Furthermore, since RIA does not distinguish between the enzymatically inactive and active forms of GIT, it is possible that GIT in the plasma occurs in an inactive form or as an inactive complex with other inhibiting proteins, and therefore would not be detectable by enzymatic activity procedures.
The occurrence of GIT in plasma raises a question about the origin of plasma GIT that is difficult to answer since GIT is ubiquitous (8, this study). While the human liver GIT antibody used was highly specific for human liver GIT, it cross-reacted with GIT from other organs within the same species [23, 29] . Thus, plasma GIT could have its source in tissues or, alternatively, it is possible that plasma GIT may simply arise from the turnover of blood cells, such as leucocytes and erythrocytes, which have been reported to contain the enzyme [18, 19, 31] . A major conclusion of the present study is that a protein immunologically similar to human liver GIT does indeed occur in human plasma. Studies using randomly selected subjects show that this GIT-like protein occurs at a significantly higher concentration in the plasma of diabetic subjects than in plasma of non-diabetic subjects. The finding of an elevated level of plasma GIT in diabetic subjects is consistent with previous studies reporting elevated levels both of leucocyte GIT activity in diabetic patients [19] and of plasma insulin A chain [32] [33] [34] , which is a product of GIT-catalyzed insulin degradation. These findings would support the possible role of this enzyme in the aetiology of diabetes mellitus. Considering the low concentrations of GIT in plasma relative to other body tissues, it is unlikely that plasma GIT per se plays a quantitatively significant role in the pathogenesis of diabetes. It is possible, however, that plasma GIT may reflect the measure of glutathione-dependent insulin-degrading activity in the human system.
The availability of the radioimmunoassay for GIT should provide a valuable tool for studies in which the measurement of fmol amounts of this enzyme is required, such as needle biopsies, especially under situations where the enzyme may occur either in an inactive form or as a complex with an inhibitor. In fact, insulin resistance, or diminished effectiveness of subcutaneously administered insulin in certain diabetic patients, has recently been attributed to increased hormone degradation at several different locations including adipose tissue, muscle, injection site, serum and more central tissue [35] . The GIT radioimmunoassay procedure described here should directly help to delineate the role of GIT-mediated insulin degradation in such clinical situations.
